Introduction
Device miniaturization has been the technology driver in both semiconductor and microelectromechanical system ͑MEMS͒ research. As a result, heat dissipation has become a major problem in integrated circuit ͑IC͒ industry due to the fact that more microelectronic devices are densely placed in an extremely tiny area. Because boiling heat transfer is the most effective way for heat removal, several research have been proposed to use the phase change phenomenon as the heat dissipation mechanism for semiconductor chips ͓1,2͔. On the other hand, boiling phenomenon has also been applied as the driving mechanism in various MEMS devices, such as thermal bubbles for ink-jet printers ͓3͔, bubble powered microactuators ͓4͔, and bubble powered pumping effects ͓5͔. The possible applications for micro-bubble powered devices are abundant and the potential of using the phase change process to solve the heat dissipation problem in IC industry is enormous. Therefore, it is important to investigate the fundamental mechanisms of bubble nucleation in the micro-scale.
Among the demonstrated devices using thermal bubbles, they can be classified into two groups according the devices structures. In the case of open environment, there is ink-jet printer head ͓3͔. In the case of close environment, there are micro-thermal bubble pumps ͓6,7͔ and micro-thermal bubble valves ͓8͔. In order to make better bubble-powered micro-devices, it is important to study micro-bubble formation in both open environment and inside microchannels, including the transient bubble formation behavior. Previously, Lin et al. investigated the bubble formation mechanisms on polysilicon micro resistor in open environment ͓5͔ and inside microchannels ͓9͔. Yang ͓10͔ reported an overview of boiling on microstructures. Although these reports contributed various aspects of bubble formation by using micro resisters, none of them discussed the transient behavior of micro-bubble formation that plays an important role in the design and the operation of micro-bubble-based devices. In macro-scale, the bubble nucleation process has been studied from many aspects, such as ultimate boiling temperature limit ͓11͔, nucleation from trapped gas ͓12͔, bubble growth ͓13͔, and the local temperature fluctuation at the heating surface ͓14͔. This paper concentrates on the transient temperature fluctuation during bubble formation and bubble growth on a polysilicon micro-resistor. Both mathematical models and experimental results are established for the characterization of transient bubble formation in the micro-scale.
Experiments
A Petri dish containing the testing chip and experimental liquid is placed on the observation chuck of a probe station as shown in Fig. 1 . The bulk liquid temperature is measured before and after each experiment by a thermal couple, and is found to be within 1°C of variation. The microscope is connected to a CCD camera to capture images during the transient bubble formation experiments. HP4145 semiconductor parameter analyzer is used as the power source and signal recording system. Polysilicon microresisters are fabricated by using the MCNC MUMPs service ͓15͔ and they work as resistive heaters. The cross sectional view of the device is shown in Fig. 2͑a͒ with silicon nitride as the insulation material and gold as the metal contact. The typical dimension of the polysilicon resistive heater is 95 m in length, 5 m, or 10 m in width and 0.5 m in thickness. There are two pairs of electrical contact pads for measuring current and voltage simultaneously to monitor the resistance changes of the polysilicon micro resister as shown in Fig. 2͑b͒ . When a current is applied to the resistive heater, the voltage change at the central portion, 2.5 m away from both ends of the resister, is recorded. The temperature coefficient of resistance of polysilicon is characterized as 1.2*10 Ϫ3 /K by measuring the resistance changes with respect to environmental temperature changes. The transient temperature response of the resister is calculated based on this coefficient. It is noted that this coefficient is experimentally characterized and valid when temperature is less than 300°C that is within the temperature range of this work. Second-order effects may need to be considered when the operation temperature is high. A fabricated device is shown in Fig. 2͑c͒ where gold pads have the shining bright color.
A Lumped Heat Transfer Model
A lumped heat transfer model is developed to investigate the thermal responses of the micro resister theoretically. This model is graphically shown in Fig. 3 with the following assumptions. First, the polysilicon micro resister has a uniform temperature along the length of the resister. This assumption is based on a previous work ͓17͔ that line shape polysilicon micro-resister has relatively uniform temperature distribution away from the boundaries. Since the model is only built on the central portion of the resister in between the two voltage detecting points, the temperature distribution is assumed to be uniform. Second, the heat loss through the two ends of the micro-resister are neglected because the crosssection areas of the two ends of the micro-resister are comparatively much smaller than the areas along the micro resister. Third, the temperature distribution across the silicon nitride layer underneath the polysilicon resister is linear. This assumption is based on the fact that the width of the micro-heater is much larger than the thickness of nitride layer. Therefore, the temperature change is approximated as linear within the portion of nitride layer that is underneath the polysilicon resister. Fourth, the substrate warming effect is an important parameter to be characterized, and the silicon substrate is assumed to have a uniform temperature of Ts to simplify the analysis. However, non-uniform temperature distribution is expected at regions close to the polysilicon micro-resister. An experimentally determined factor, F, is used to adjust possible errors coming from this assumption. This factor is defined as the extension factor to the thickness of the nitride layer to accommodate the region of non-uniform temperature. Intuitively, this factor will be determined by the thermal conductivity of nitride, silicon, and their geometrical relationships. In this work, this number is experimentally characterized by comparing the analytical prediction with the measured wall temperature. Fifth, heat conduction in liquid is modeled by semi-infinite thermal conduction and both heat convection and radiation are neglected ͓17͔. Sixth, it is assumed that the bottom surface of the Petri dish is at room temperature, since it is in contact with a big brass chuck that is a good heat sink. A lumped, one-dimensional heat transfer model is established graphically as shown in Fig. 3 . According to the transient thermal conduction equation, the transient temperature of a slab with temperature fixed at two sides is modeled by ͓18͔ "a… cross-sectional view; "b… top view; and "c… photograph of a fabricated polysilicon micro resister. Transactions of the ASME where T 1,2 are temperatures at two sides of a slab, y is the coordinate along the slab thickness, l is the slab thickness, and ␣ is the thermal diffusivity of the slab. Taking derivative with respect to y and multiplying with material conductivity K, one can obtain the heat flux as
For first-order approximation, only the first term in the summation is considered in the above equation. Based on the above assumptions and energy balance, the heat transfer equations of polysilicon and silicon can be derived as
The values used in the equations are listed in Table 1 . These two equations can be solved simultaneously to obtain the values of T p ͑polysilicon micro resister temperature͒ and T s ͑silicon substrate temperature͒ with respect to time. The liquid used in the experiments is IPA ͑Isopropyl Alcohol͒ ͓19͔. . As expected, the measured wall temperature increases as the input current increases. It is found that bubble formation characteristics with respect to input current levels can be classified into three groups. In group I, where the input current is less than 22 mA, no bubble is nucleated and the temperature of the polysilicon micro-resister remains nearly the same. Group II represents the middle range of input currents between 25 to 30 mA and is the most interesting group in terms of transient bubble formation behavior. The wall temperature increases at the beginning and drops ahead of the bubble formation when a blurry cloud covers the polysilicon micro-resister as observed through the microscope. The slope of this temperature drop seems to become steeper as the magnitude of the input current increases and disappears under high input power. For example, this phenomenon is observed when the input current is less than 40 mA for the 10 m wide resisters and 15 mA for the 5 m wide resisters. Once a bubble is nucleated, the wall temperature increases and goes above the initial temperature before reaching a steady state. In the final group where the input current is equal or higher than 40 mA, a bubble is formed as soon as the electrical current is applied. There is no detectable temperature drop when the thermal bubble is generated and the resister temperature continues to increase and the bubble grows before a steady state is reached. In all three groups, it is measured that the temperature of the silicon substrate has also risen and gradually reaches a steady state temperature about 1 to 10°C higher than the room temperature depending on Figure 6 illustrates the typical wall temperature of bubble nucleation processes for both macro ͓20͔ and micro-scale experiments, respectively. The macro-scale bubble nucleation experiments are generally conducted at pool boiling condition where the liquid is at the saturation state. The micro-scale bubble nucleation test, on the other hand, refers to bubble formation on micro-scale resistive heaters in a pool of cool liquid. For a typical macro-scale boiling process under a constant heating power as shown in Fig. 6͑a͒ ͓20͔ , formation of bubbles is observed in stage 1. The temperature drop in stage 1 has been explained as the evaporation of a microlayer liquid between the bubble and the heating wall. When the microlayer evaporates and dries out, the boiling process moves to stage 2, where the bubble continues to grow. The wall temperature rises in this stage because of the blockage of the heat flux from the wall to the liquid due to the existence of the bubble. When the bubble grows to a certain size and starts to lift off the wall as shown in stage 3, cool liquid is sucked to the wall to cause a quenching effect. The cool liquid is then heated up gradually in stage 4 to the original temperature, where a new bubble is nucleated and the process repeats itself continuously.
Results and Discussion

General Behavior of
Comparison of Macro and Micro-Boiling Experiments.
Group II in Fig. 4 and 5 of the bubble nucleation experiments in the micro scale, is discussed and compared with macro scaled boiling experiments due to similarities. One may identify three stages of wall temperature responses on transient bubble formation. In stage 1, the wall temperature jumps right after an electric current is applied and moves up gradually as the substrate temperature rises. The period of this stage is shorter than 0.1 sec for the 10 m wide resister and becomes shorter if the input current level is increased. It is believed that liquid is superheated locally in this stage until naturally generated disturbance induces the evaporation process and moves the micro-boiling process to stage 2. According to the homogeneous bubble nucleation theory ͓20͔, there is a nucleus radius under thermodynamic equilibrium. Once the initial bubble nucleus radius is larger than the critical value, the bubble will tend to grow. Otherwise, it will shrink. High current inputs generate high temperature that implies smaller equilibrium nucleus radius. Therefore, the probability that the bubble embryos are larger than the critical size is increased and a large single spherical bubble is induced. This can be the reason causing the temperature profile transits from stage 2 into stage 3. Moreover, high current inputs seem to speed up the evaporation process that causes the wall temperature to drop faster as shown in Fig. 5 . As soon as a bubble emerges, the wall temperature increases as shown in stage 3, in which a spherical bubble grows and covers the whole polysilicon micro resister. The wall temperature increases in this stage because the vapor bubble is blocking the heat dissipation process. The nucleated micro-bubble continues to grow slowly and sticks to the polysilicon micro-resister due to Marangoni effect ͓17͔ and the wall temperature gradually reaches equilibrium.
Thermal Conduction.
According to Eqs. ͑3͒ and ͑4͒, one can estimate the time constants of the polysilicon microresister and silicon substrate by the following expressions:
where p and s are time constants of polysilicon micro-resister and silicon substrate, respectively. Substituting values in Table 1 into the above equations, one can find that p is in the order of microseconds, and s is in the order of milliseconds. It implies that in the early stage of the heating process, the temperature of polysilicon micro resister is not affected by the silicon substrate warming effect and can be estimated by Eq. ͑3͒. When the operation period is longer than milliseconds, the substrate warming effect has to be considered. A modification factor, F, is introduced as a measure of the effective thickness of nitride layer, and this factor accounts modeling errors coming from the simplifications of the model and its magnitude is determined by experiments. Figure 7 shows the measured temperature of the polysilicon micro resister as well as the predictions from various values of F. It can be observed that when F is equal to 1.47, a good match is achieved. This value is then used in further simulation. Figure 8 shows the simulated temperatures of the 10 m wide polysilicon micro-resister and the silicon substrate under an input current of 28 mA. As the result shown in Fig. 8 , the polysilicon micro-resister temperature rises quickly and reaches 95°C in less than 1 millisecond. This result explains the fast temperature responses in Fig. 4 after an input current is applied. Comparatively, it takes a longer time to create a small temperature change on the silicon substrate. In the same figure, the temperature rise for the silicon substrate is not observable until 0.5 second later when the temperature rise of 1°C is predicted. This substrate warming effect explains qualitatively the slow temperature rise on the polysilicon micro resister before a steady state is reached as shown in Fig. 4 and 5. However, the heat conduction model only predicts the increase but not the drop of temperature with respect to time. Other heat dissipation mechanisms must be considered to characterize the wall temperature drops as observed.
Thermal Convection.
The critical Rayleigh number for the onset of natural convection is calculated to investigate the role of thermal convection in this time dependent micro-boiling experiment 
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where q is the heat flux to liquid, g is gravity, ␤ is the volume expansion coefficient, is dynamic viscosity, and K is thermal conductivity. The model developed in the previous section is used to estimate the heat flux to liquid and other variables. The calculated Rayleigh number is found at least one order of magnitude smaller than the reported critical Rayleigh number ͓21͔ when the time period is less than two seconds. Therefore, natural convection is not considered in the mathematical model of Eq. ͑3͒ and ͑4͒ in the initial stage of bubble formation.
Evaporation.
According to the simulation result presented in Fig. 8 , the heating speed in this work is fast in the order of 10 7 K/s. Moreover, a blurry cloud is observed around the micro resister before the bubble formation. It indicates the film boiling of liquid after the liquid is heated into the metastable state ͓20͔ and condensed where the vapor meets with cool liquid. This evaporation of liquid may be considered as the primary reason of temperature drop before a micro bubble is nucleated in the micro bubble nucleation process. The heat flux of evaporation is modeled as an equivalent heat transfer coefficient and the temperature difference between the polysilicon micro resister and bulk liquid.
where h evp is the equivalent heat transfer coefficient during the evaporation stage, T p is the polysilicon micro resister temperature, T l is the bulk liquid temperature, E is the latent heat of liquid, and (wϩ2y p )l is the heating area. In order to determine the value of h evp , the model is compared with experimental data from Fig. 5 . It is found that the wall temperature drops at a higher rate at the beginning and at a lower rate when approaching the bubble incipient point. Therefore, the equivalent heat transfer coefficient is proposed as
where t is time, t init is the time when resister temperature starts to drop, and is an evaporation time constant depending on the level of input power. Therefore, the governing equation of micro resister of Eq. ͑3͒ can be modified in the second stage of bubble formation as
The two parameters in Eq. ͑9͒ are found experimentally as shown in Fig. 9 by means of curve fitting. It is found that h max is 7 ϫ10 5 W/m 2°C , and 1/ is 0.4, 0.6, and 0.8 for input current levels at 25, 28, and 30 mA, respectively. This equivalent heat transfer coefficient is at least two orders of magnitude higher than the natural convection heat transfer coefficient from the macro-scale heat transfer models. Therefore, this result further supports the previous assumption that heat convection only plays a minor role in this stage. The calculated evaporation time constants suggest that higher input current corresponds to smaller time constant and higher evaporation rate. Because the heat flux calculated by the heat evaporation term is much larger than the thermal conduction term, the heat dissipation process in this stage is mainly attributed to liquid evaporation. By substituting these numbers into Eq. ͑8͒, where l is 770 kg/m 3 and E is 640 kJ/kg, the rate of evaporation volume is calculated in the order of 10 nl/sec. In most cases, the temperature drop lasts longer than one second and more than 10 nanoliter of liquid has gone through the evaporation-condensation process to cause the observed temperature drop.
Bubble Growth Rate.
It is observed that the bubble formation in Group II of Fig. 4 is randomly scattered along the temperature drop curve in stage 2 of the micro bubble formation process. The possible reason of the transition into a spherical bubble may be the instability of vapor-liquid interface that is agitated by local fluctuation in combination with the readiness of enough metastable state of liquid that can overcome the cool liquid to form a spherical bubble. When a bubble is formed, the wall temperature rises in a manner similar to the second stage in the macro-scaled boiling process. It is believed that the heat dissipation path from the polysilicon micro resister surface to liquid is partially blocked by the vapor bubble on top. Therefore, temperature rises with the increase of bubble size to reach a new equilibrium temperature.
As described in a previous report ͓20͔, thermal bubble growth can mainly classified into two modes in macro-scale bubble nucleation experiments. The first mode occurs at the initial stage of bubble growth that is hydrodynamically controlled and dominated by liquid inertia and the bubble size increases proportionally to time, Dϰt. The second mode occurs at the later stage of bubble growth that is heat diffusion controlled. The bubble grows at a slower rate than in the hydrodynamically controlled mode and is proportional to the square root of time, Dϰt 1/2 . The experimental data on a 5 m wide micro-resister is extracted by moving the start point of time to the time when a bubble is nucleated. The bubble diameter is measured from the captured images taking on top of the micro-resister by the CCD camera, and graphed along with time by circular markers as shown in Fig. 10 . It is found that the bubble diameter, D, can be represented as Dϭ2Ct 1/2 , where C is a constant and t is time. The close match between the markers and the curve indicates that the bubble growth rate on the micro resister at this stage is dominated by heat diffusion as Dϰt 1/2 . This relation between bubble size and time is further applied to extend the mathematical model to the bubble growth stage. Some assumptions are made and graphically presented in Fig. 11 . First, the bubble is spherical with a uniform temperature at the saturation point. Although the temperature at the bottom portion of the bubble is expected to be higher than the top portion, this assumption is made to simplify the analysis. Second, it is assumed that the bottom of the bubble is in contact with the substrate as shown in Fig. 11 due to a strong local Marangoni effect and the contact angle is adopted from a previous report ͓22͔ as 30 deg. Third, it is further assumed that the bottom of the bubble is in thermal equilibrium with the substrate ͑no heat transfer͒ to simplify the problem. In reality, a thin liquid film and thermal gradient with magnitudes may exist depending on the temperature profile of the substrate surrounding the micro heater and a three-dimensional analysis is necessary to model this effect. Fourth, the heat conduction between the bubble/liquid interfaces is assumed as a constant heat source to an infinite field because the bubble temperature is assumed staying at the saturation point. By the above assumptions and energy balance of micro-resister with heat generation of Joule heating, heat dissipation of the substrate, liquid, and bubble growth, Eq. ͑1͒ can be modified as
where A evp and A bb are areas of the micro resister that are not covered by the bubble, h evp is the equivalent heat transfer coefficient of evaporation experimentally determined previously, h bb is the equivalent heat transfer coefficient of the bubble, T sat is the saturation temperature of the liquid, D is the diameter of the bubble, and is the contact angle of the bubble with the heater that is approximated as 30 deg from the picture in a previous work ͓22͔. The variation of this angle can affect the magnitude the bubble growth rate and this number is used for a first-order approximation. The equivalent heat transfer coefficient of the bubble is derived from the energy balance of the heat transferred into the bubble from the micro resister with the heat dissipation out of the bubble by evaporation and heat conduction to the liquid as illustrated in Fig. 11 :
where v is the vapor density, E is the latent heat of the liquid, t bb is the time when the bubble is formed, and A sph is the interface area of the bubble and the liquid. In this stage, the evaporation and condensation processes are competing with each other. If the diameter of the bubble increases with time, extra energy is supplied to the bubble for the extra evaporation. Otherwise, the bubble Transactions of the ASME shrinks due to extra condensation. By substituting the areas A bb and A sph into Eq. ͑12͒, the equivalent heat transfer coefficient is derived as
According to the result obtained from Fig. 10 , the bubble size growth rate is modeled by the thermal diffusion controlled bubble growth mode as
where C is the bubble growth rate constant and is determined by curve fitting with the experimental results as 29 and 50 m/sec 1/2 for 5 m and 10 m wide resisters, respectively. Combining Eqs. ͑2͒, ͑11͒, ͑13͒, and ͑14͒, a first-order approximation model is developed for this bubble growth stage. Figure 12 shows the simulation results based on the models of Eq. ͑10͒ and Eq. ͑11͒ and experimental data. It is found that the models match the experimental data well until the time reaches 5 sec when the models underestimate the experimental temperature. The deviation of the simulated temperature from the experimental data may be resulted from the decrease of the bubble growth rate, the simplifications of the model in various aspects such as the contact angle, and the warming effect of the petri dish. For example, the bubble growth rate decreases more than the mode prediction as shown in the later stage in Fig. 10 in reality. It causes the over prediction of the cooling effect in the model such that the simulated temperature is lower than the experimental data.
Conclusion
This paper investigates transient bubble formation on micro strip resisters under various levels of constant electrical current input. The transient temperature variations are classified into three groups by the level of input currents. When the constant input current is lower than 25 mA, the wall temperature stays nearly constant and no bubble is nucleated. For the constant input current between 25 to 30 mA, the wall temperature increases initially, quickly drops afterwards until a bubble is formed, and then increases until reaching steady state. For the third group of high input current, the wall temperature rises sharply as soon as the current is applied and a bubble is formed. Among the three groups, Group II has very interesting transition phenomena that are classified into three stages with respect to time and are investigated extensively in this paper. Mathematical models are established to estimate the resister temperature during the micro boiling process. It is found that this heat conduction based model is capable of predicting the resister temperature in the first stage of the boiling heat transfer. The time constant for the resister temperature is calculated in the microsecond range and in the millisecond range for the silicon substrate. The evaporation of liquid is identified as the key mechanism that causes the resister temperature to drop before the bubble nucleation in the second stage. Based on the experimental measurements and a simplified, first-order model, an equivalent heat transfer coefficient for the second stage is found to be in order of 7ϫ10 5 W/m 2°C , and the evaporation time constants are found as, 2.5, 1.67, and 1.25 sec for the input current levels of 25, 28, and 30 mA, respectively on a 10 m wide micro-resister. The incipient point of micro-bubble formation is found randomly distributed during this wall temperature drop period with a trend of earlier occurrence in higher input current. This is probably due to the instability of vapor-liquid interface in the stage of strong evaporation process. Higher electrical current will generate bubbles in shorter time at a higher temperature. After a spherical bubble is found, the bubble growth rate is found proportional to the square root of time on both 5 m and 10 m wide of micro resisters. The bubble diameter growth rate constant C is found as 29 m/sec1/2 in the case of 5 m wide micro-resister, and 50 m/sec 1/2 in the case of 10 m wide micro-resister.
Nomenclature
C ϭ bubble diameter growth rate constant c ϭ specific heat D ϭ diameter of spherical bubble E ϭ latent heat F ϭ modification factor g ϭ gravity h ϭ heat transfer coefficient K ϭ thermal conductivity l ϭ length q heat flux R ϭ electrical resistance T ϭ temperature t ϭ time w ϭ width y ϭ thickness Greek Symbols ϭ density ϭ thermal coefficient of resistance ␣ ϭ thermal diffusivity ␤ ϭ thermal expansion coefficient ϭ dynamic viscosity ϭ time constant Subscripts 0 ϭ reference temperature at 300 K bb ϭ bubble evp ϭ evaporation g ϭ Petri dish i ϭ interface l ϭ liquid n ϭ silicon nitride p ϭ polysilicon s ϭ silicon sat ϭ saturation 
